Crystal phase is well-studied and presents a periodical atom arrangement in three-dimensions lattice, but the "amorphous phase" is poorly understood. Here, by starting from cage-like bicyclocalix[2]arene[2]triazines building block, a brand-new 2D MOF is constructed with extremely weak interlaminar interaction existing between two adjacent 2D-crystal layer. Interlayer slip happens under external disturbance and leads to the loss of periodicity at one dimension in the crystal lattice, resulting in an interim phase between the crystal and amorphous phase -the chaos phase, non-periodical in microscopic scale but orderly in mesoscopic scale.
point to achieve the proposed interim state, which also can make the mass-production and commercial applications of monolayer 2D materials possible. [15] [16] [17] [18] [19] Unlike the graphene or transition metal dichalcogenides, MOF and COF can provide great design freedom for 2D materials. [20] [21] [22] [23] [24] [25] We intend to design a 2D MOF with extremely low interlaminar interaction to test this hypothesis. As a rising member in 2D materials, MOF nanosheets possess large surface and highly accessible active sites on the surface, exhibiting unique performances in many different fields, such as molecular sieving, sensing, and catalysis. [26] [27] [28] [29] [30] [31] Although we share a MOFs library with more than 20, 000 kinds, and the figure keeps growing quickly, the reported 2D MOF candidates suitable for the preparation of MOF nanosheets are very limited. The rational synthesis of 2D MOF with tailored structures and properties is not easy at all. [31] [32] [33] [34] [35] [36] [37] An in-depth investigation indicates that the reported MOF nanosheets can be divided into two categories: One category has hydrocarbon group sandwiched layers, only weak Van der Waal's interactions exist between the adjacent layers; 31, [37] [38] [39] [40] The other category has steric porous layers, the smaller interlayer contact area can further decrease the interlaminar interaction. [41] [42] [43] [44] Impressively, all these 2D MOFs have thick 3D-layered structure, however, the interlaminar interaction looks still strong as they still present as stable crystal phase material and the corresponding nanosheets can't be produced in large amount.
To exfoliate the bulky crystallized material into nanosheet, it's essentially a mechanics problem. When a bulky 2D MOF crystal is immersed in the solvent, the layers are subjected to propulsive force resulting from the molecule collision. The collision momentum component parallel to the MOF layer plus the viscous force equals the shear force (Fs) separating the layers. The component vertical to the MOF layers tends to tear the layers into smaller pieces. Fs is evaluated by the following equation, which can be greatly enhanced along the direction of the driving force. 45 (detailed information in SI):
Inter-layer interaction (Fi) is the interaction between adjacent layers, which correlates with the strength and density in unit area of the inter-layer pairwise interactions. Fi competes with Fs to avoid exfoliation and equals to:
Obviously, the inter-layer slip and layers separation happens only when Fs > Fi. Therefore, three key factors need to be considered in the preparation of monolayer nanosheet. First, the bulky crystal should have a layered structure and weak interlaminar interaction to reach the key Fs > Fi criterion; Second, Fs is nearly proportional to the layer thickness (h). Bigger h is advantage, and porous structure also brings bigger effective force area and the resulting Fs;
Last but not least, the layer should be mechanically strong to avoid damage caused by the propulsive force vertical to the layer plane. Clearly, in porous structure, this propulsive force and the damage can be effectively reduced. The lateral size and layer number of the exfoliated nanosheets are the results of the combination of these three factors.
As most of the current MOFs are constructed by 2D planar building blocks, it's very difficult, if not impossible, to design and synthesize the expected 2D MOF with extremely low interlaminar interaction and 3D-layered structure from 2D building blocks. We noticed that rigid 3D symmetric molecules tended to self-assemble into 3D-layered structures. [46] [47] [48] [49] [50] Bicyclocalix [2] arene [2] triazines, a cage-like D3h symmetric molecule we synthesized before, also self-assembled into a layered porous structure. 51 This molecule is lack of intermolecular-interaction sites and can adapt to different linkage groups, which most likely to afford the 2D-MOF with demanded structure. In addition, heterocalixaromatics not only have powerful recognition properties and functions, but are also rich in structures and conformations. 52, 53 The cage-like host molecules are even more intriguing for their enclosed cavities and rigid structure, which can trap and stabilize specific guest molecules, work as molecular flask and endow intrinsic porosity. [54] [55] [56] [57] By using bicyclocalix [2] arene [2] triazines tricarboxylic acid (BCTA) as the building block and Mn cluster as the node, a porous 2D-MOF, CSUMOF-1, was prepared with extremely weak interlaminar interaction, high mechanical strength and 1.15 nm thick 3D-layer, which perfectly match our design requirements. As expected, inter-layer slip in the crystal lattice and loss of atomic periodicity in one dimension was observed. But macroscopically, CSUMOF-1 "crystal" still has a stability right to the point and presents an interim phase between the crystal and amorphous phase. CSUMOF-1 is readily to be exfoliated into monolayer nanosheets in gram-scale by simple ultrasonic exfoliation, which have a lateral size up to tens of micrometres, as well as unprecedent evenness and homogeneity.
BCTA tends to self-assemble into layered hydrogen-bonded organic frameworks ( Fig. S2 ), which is easily weathered in the air (5 m 2 /g BET surface area). The MOF crystals were easily synthesized from BCTA and MnCl2 via solvothermal method. CSUMOF-1 was prepared in dimethylformamide (DMF) with a yield of 70%. In tetrahydrofuran, CSUMOF-2 was crystalized with a yield of 77% ( Fig. S3-5 ).
In the begining, we obtained a very stable three-dimensional framework, CSUMOF-2, which had an expected layered structure containing one-dimensional rectangle channel with a size of 1.2 nm * 1.5 nm ( Fig. 2A, S6, 7) . The space in the channel was partly filled by the coordinated THF molecules.
Single CSUMOF-2 layer is constituted by parallel Zigzag-arranged BCTA chains with a thickness of 0.6 nm, and bound by the [-Mn-Cl-Mn-O-]n inorganic chains to form solid 3D frameworks.
CSUMOF-2 was stable up to 460 o C ( Fig S8) , with a BET surface area of 370 m 2 /g (N2, 77K) and
CO2 absorption of 21 cm 3 /g (273K, Fig. 3 ). The experimental pore size distribution coincide with the expected values ( Fig S9) . Powder XRD pattern of CSUMOF-2 fits the simulated one very well ( Figure S10 ), two main peaks at 8 o and 11 o are attributed to the diffaction of 002 and 020 crystal planes, both located on the rotatable benzene rings ( Fig S11) . After heating at 100 °C, peak shift and drastic intensity decrease were observed in the diffraction pattern, and subsequent exposure to THF only recovered the positions of the peaks; Soaking in solvents other than THF only caused the decrease of diffraction intensity. Similar results also have been observed in Cu(OPTz). 58 In CSUMOF-2, the channels can provide free space for the dynamic motion of the organic linkers (around one angstrom). [59] [60] [61] In the other hand, the coordination environment change of manganese may cause the atom position offset in the crystal lattice. Both these two factors lead to the disorder of the diffaction planes and degradation of the diffraction pattern. Generally speaking, CSUMOF-2 owes a strong frameworks with a certain flexibility . Topologically, this network is very rigid with high mechanical strength, extending in the ac plane with three types of regular pores (the pore sizes are 0.8nm, 1.3nm and 1.5nm respectively, Fig. 2D ). Fig. 2F , S12, S13), resulting in a 3D neutral supramolecular framework with three ellipsoid channels ( Fig. 2G ). There are two types of regular rectangle channels existing between the square-wave layers for a half-phase difference (the sizes are 1.3*0.5 nm and 1.3*0.2 nm respectively, Fig. S14 ). All these channels vertical and parallel to the layer surface have significantly decreased the real contact area and the hydrogen-bond number in unit area between two conjunction layers. In brief, extremely low interlaminar interaction can be expected, which perfectly meet our design requirements.
CSUMOF-1 looks very "unstable". A powder XRD pattern with poor quality could be recorded only with freshly-prepared samples, but fitted the simulated one ( Fig. 3A ). After heating, drying or solvent exchange, CSUMOF-1 became "amorphous" (Fig. 3B ), without any change of the crystal appearance ( Fig. S15 ). These results were very confusing but not unexpected, which can be attributed to the intrinsic macroscopic properties of the proposed interim phase.
CSUMOF-1 has a BET surface area of 210 m 2 /g and CO2 absorption of 41 cm 3 /g after activation at 150 o C under vacuum, and good thermal stability up to 440 o C (Fig. S8 ). Similar to CSUMOF-2, CSUMOF-1 has a typical type I isotherms in N2 adsorption-desorption. The adsorption was apparent in the low-pressure region (P/P0 < 0.05), and the desorption of N2 was reversible and revealed hysteresis. The difference is that CSUMOF-1 has nearly doubled CO2 absorption with halved BET surface area. Heterocalixaromatics can bind CO2 by its nitrogen-rich cavities. 48 Obviously, the remarkable CO2 absorption of CSUMOF-1 can be attributed to its fully exposed calixarene cavities in the lattice. Experimental results disclosed that the blocked channels and calixarene cavities in CSUMOF-1 could be reopened at high pressure. At 273 K, when the pressure reached 60 atm (maximum 200 atm), N2 absorption of CSUMOF-1 increased from 2.8 cm 3 /g to 7.0 cm 3 /g (the interaction between N2 molecules and the frameworks is very weak). Meanwhile, the CO2 absorption (performed on the same sample) increased from 18 cm 3 /g to 56 cm 3 /g at 38 atm ( Fig. 3E ). Both desorption revealed hysteresis, but were reversible at reduced pressure, strongly supporting the occurrence of inter-layer slip and high structural-stability of the layer. 62,63 As observed by SEM images, CSUMOF-1 crystal has very clear and smooth layered structure ( Fig. 4) , which is readily to be exfoliated into nanosheets by routine ultrasonication treatment in different solvents (Fig. 4A) . The colloid suspension remained stable at room temperature for several months, and significant Tyndall effect was observed ( Fig. 4B inset, S16). Lots of ultrathin nanosheets with big lateral size and high evenness were observed in the suspension by TEM ( Fig.   4 , S17, S18). Only nano-particles were found in the sonicated suspension of CSUMOF-2 ( Fig. S19,   S20 ). Tapping-mode atomic force microscopy (AFM) was applied to further identify these nanosheets.
Plenty of rigid and high flatness nanosheets were found in the high concentration nanosheets suspension (~ 0.1-0.2 mg/ml, Figure 5 , S21). The nanosheets have a lateral size range from several to more than ten micrometers. With a 1-5 μg/ml nanosheets suspension, the nanosheets formed a large-size wafer on the substrate with a thickness around 1-2 nm (Fig. 5A) . Dispersed nanosheets was observed after further dilution. Fig. 5C shows an enlarged area of the nanosheet. The height profile reveals that the nanosheet is extremely flat, with a smooth terrace height as 1.12nm, which fits the layer thickness value in the single-crystal structure. As demonstrated by the AFM analyses on 43 different sites ( Fig. 5E, S22 ), more than 90% of them had a thickness of 1.1±0.2nm, and confirmed the nanosheets as monolayer with high homogeneity. The infrared spectrum of nanosheets prepared in large-batch is perfectly coincide with that of fresh-prepared CSUMOF-1 (Fig. S23 ), but the absorbance bands in the fingerprint region become stronger and clearer. CSUMOF-1 nanosheets has nearly doubled BET surface area (360 m 2 /g) and
CO2 absorption (58 cm 3 /g) ( Fig. 3C, 3D , performed with 130 mg nanosheets). More importantly, compare to bulky CSUMOF-1, the nanosheets has very sharp and clear pore width distribution ( Fig.   3F ), which is identical to the theoretical values ( Fig. 2D) . Apparently, the irregular pores in bulky CSUMOF-1 caused by the inter-layer slip has disappeared after complete separation, and no hysteresis could be found anymore in the N2 desorption isotherm of nanosheet ( Fig. S24 ). It also can be concluded that the inter-layer slip in CSUMOF-1 is around several angstroms. These results unambiguously confirmed the chemical structure and macroscopic homogeneity of the as-prepared nanosheets,
The rigid and smooth appearance indicates that the nanosheets should have high mechanical strength. The extremely weak interlaminar interaction and nanometer layer thickness observed in the crystal structure provide sufficient and necessary conditions to satisfy the key Fs > Fi criterion.
Thus, CSUMOF-1 was exfoliated into monolayer nanosheets in gram-scale with big lateral size. All these experimental results have strongly supported our theoretical hypothesis on the interim phase and monolayer 2D materials production. The cheap, easy and scalable preparation of monolayer CSUMOF-1 nanosheets also make its commercial applications possible.
According to classic XRD crystallography, CSUMOF-1 should be classified as "amorphous".
However, the experiment results unambiguously indicated that CSUMOF-1 is a stable self-assembly of 2D-crystals with disorder along the dimension vertical to the 2D-crystal plane. In the crystal lattice, the atoms do chaos thermal motion in confined space, which leads to the loss of periodicity.
If the initial distance between two adjacent atoms is set as ε(0), after time t, the distance can be described as ε( ) = ε(0) ( = lim
|, the Lyapunov exponent, Fig. 1, S25 ). 64, 65 For an effective diffraction crystal plane with n atoms, the detection error will be amplified by In CUSMOF-1, the adjacent layers are only bound by weak hydrogen bonds. Experimental results indicate that the movement of the atoms along the layer plane can increase to several angstroms due to the inter-layer slip. Given a 5 Å ε(max), λCUSMOF-1 will increase around 5 times comparing to λCUSMOF-2 (λ value is decided by
). The corresponding error will increase 50 times (more than 10 7 times for 1 nm 3 confined space). Diffraction signal can't be detected due to a simultaneously decreased S/N ratio, and dried CUSMOF-1 presents as "amorphous" material. It should be noted that even nanosheets with few layers could hardly be detected according to Bragg's Law. However, if the measurement accuracy decreases to nanometerscale (same scale as one CUSMOF-1 layer), λ value will decrease ten times and the error caused by the chaos can be omitted. Thus, the structural order is observed by corresponding characterization methods. We name this interim state as "Chaos phase", which is non-periodical in microscopic scale but order in mesoscopic scale.
The derivation of the equations:

Derivation of the formula for Fs:
Fs is composed by two parts, the impact force caused by the collision of solvent molecules (Fm) and the viscous force along the layer face (Fv). As illustrated in Fig. S1, according 
